This work presents the results of time-resolved electric field vector measurements in a short pulse duration (60 ns full width at half maximum), surface ionization wave discharge in hydrogen using a picosecond four-wave mixing technique. Electric field vector components are measured separately, using pump and Stokes beams linearly polarized in the horizontal and vertical planes, and a polarizer placed in front of the infrared detector. The time-resolved electric field vector is measured at three different locations across the discharge gap, and for three different heights above the alumina ceramic dielectric surface, ~100, 600, and 1100 μm (total of nine different locations). The results show that after breakdown, the discharge develops as an ionization wave propagating along the dielectric surface at an average speed of 1 mm ns −1 . The surface ionization wave forms near the high voltage electrode, close to the dielectric surface (~100 μm). The wave front is characterized by significant overshoot of both vertical and horizontal electric field vector components. Behind the wave front, the vertical field component is rapidly reduced. As the wave propagates along the dielectric surface, it also extends further away from the dielectric surface, up to ~1 mm near the grounded electrode. The horizontal field component behind the wave front remains quite significant, to sustain the electron current toward the high voltage electrode. After the wave reaches the grounded electrode, the horizontal field component experiences a secondary rise in the quasi-dc discharge, where it sustains the current along the near-surface plasma sheet. The measurement results indicate presence of a cathode layer formed near the grounded electrode with significant cathode voltage fall, ≈3 kV, due to high current density in the discharge. The peak reduced electric field in the surface ionization wave is 85-95 Td, consistent with dc breakdown field estimated from the Paschen curve for hydrogen. The present set of data on electric field distribution in a surface ionization wave discharge provides an experimental reference for validation of kinetic models and assessing their predictive capability.
Introduction
Over recent years, studies of electric discharges sustained by high peak voltage, nanosecond duration pulses have generated considerable attention due to their applications in plasma assisted combustion, fuel reforming, and emission control [1] , high-speed plasma flow control [2] , biology and medicine [3, 4] . One specific ns pulse discharge configuration, where plasma is generated near a dielectric surface, producing a surface ionization wave, is of particular interest since it makes possible the sustainment of diffuse near-surface plasmas at high pressures, extending over significant distances. An overview of experimental and theoretical studies of volumetric fast ionization waves generated by high voltage ns pulses prior to 1990s is given in [5] . Some of the more recent results on fast ionization wave dynamics and structure are discussed in [6] [7] [8] [9] [10] . While there is a significant body of work on ionization wave plasma imaging, as well as on wave speed and attenuation coefficients in various gases, there is a lack of experimental data on how electric field and electron density vary across the wave front. Axial distributions of radiallyaveraged electric field and electron density in a volumetric ionization wave discharge have been inferred using calibrated capacitive probes measuring surface charge accumulation on dielectric walls of the discharge channel [6, 8] . Time-resolved electric fields in volumetric and surface streamers have also been inferred from optical emission spectra [9, 11, 12] . This approach has produced very high spatial and time resolution data (down to ~10 μm and ~100 ps, respectively [12] ), although inferred value of the electric field depends on the assumptions used in the kinetic model used for data reduction. Recently developed laser diagnostic techniques, such as laser collision induced fluorescence (LCIF) and laser induced fluorescence dip (LIF-dip) [13] [14] [15] also have the capability of measuring electron density and electric field in transient plasmas with high spatial gradients, such as ionization waves and sheaths, with high temporal and spatial resolution (in one or two dimensions), although LCIF measurements rely on the use of a collision-radiative energy transfer model. Extending laser induced fluorescence techniques to high-pressure plasmas remains a considerable challenge, due to rapid collisional quenching of laser-excited states. Finally, Thomson scattering has been used for time-resolved, 2D measurements of electron density and electron temperature in an Ar plasma jet (guided streamer) in ambient air, with spatial resolution of 50 μm and time resolution of several nanoseconds [16] .
Note that most previously used techniques of electric field measurements do not have the capability to determine individual electric field vector components, which is critical for quantitative insight into dynamics of transient discharges near dielectric surfaces. In the present work, we apply a laser diagnostics technique first developed by Gavrilenko et al [17] to measurements of electric field in a high-pressure, near-surface electric discharge sustained by high-voltage, ns duration pulses. This technique, known as electric field fourwave mixing, is based on a process similar to Coherent antiStokes Raman spectroscopy (CARS) [18] . In the four-wave mixing technique, the probe beam in a 'conventional' CARS experiment is replaced with an externally applied electric field, which induces a dipole moment in non-polar molecules, such as N 2 or H 2 . A pair of collinear pump and Stokes beams focused in a gas in the presence of electric field generates coherent oscillating excitation of the molecules with induced dipole moment, which allows them to radiate at the frequency equal to the energy difference between the ground and first vibrational levels (i.e. in the infrared). Due to the coherent oscillations of the molecules, the resultant IR radiation grows coherently in the phase matching direction, collinear with the pump and Stokes beams. The intensity of the IR beam varies quadratically with the applied electric field. Most of the electric field measurements using this four wave mixing technique have been done in hydrogen [19] [20] [21] [22] due to its large Raman cross section, although recent results in nitrogen are also available [23] [24] [25] . The present measurements are done in hydrogen.
For the work presented in this paper, a high intensity picosecond laser system is used and a high-pressure stimulated Raman shifting (SRS) cell [26] is employed, which simplifies greatly the experimental design and provides excellent alignment stability. Key benefits of picosecond four wave mixing technique are much higher signal-to-noise compared to nanosecond systems with comparable laser pulse energy and higher (sub-nanosecond) time resolution. Individual electric field vector components are measured by controlling polarization of the lasers and that of the signal collected. For this, a Glan-Thompson polarizer is placed in front of the IR detector, to separate signals with different polarizations and to obtain first time-resolved, spatially resolved measurements of the electric field vector in a surface ionization wave discharge. The electric field detection limit achieved using the present setup is as low as 400 V cm −1 in 200 Torr of hydrogen, with time resolution of 1 ns. Figure 1 shows a schematic of the experimental setup used for the picosecond electric field four wave mixing measurements, described in detail in our previous work [26] . Briefly, the second harmonic output (532 nm) of an Ekspla SL333 Nd : YAG laser, with pulse duration of 150 ps and maximum pulse energy of ~100 mJ is focused into a high pressure stimulated Raman shifting (SRS) cell, a steel tube 0.85 m long equipped with BK-7 glass optical access windows 12.7 mm thick, filled with hydrogen. In the cell, a Stokes beam (683 nm) and an anti-Stokes beam (435 nm) are generated collinear with the residual pump beam. The anti-Stokes beam is filtered out using several dichroic mirrors, as shown in figure 1. Small fractions of the collinear pump and Stokes beams, reflected off a glass plate, are spectrally separated using a Pellin-Broca prism. The pump beam intensity is monitored using a PIN photodiode to account for shot to shot power variation (see figure 1 ). The collinear pump and Stokes beams are focused into the test cell, which is filled with hydrogen to a pressure of 200 Torr. In the test cell, the collinear beams mix with a dipole moment induced by the externally applied electric field, and the resultant IR beam, at the H 2 (1 → 0) Q(1) vibrational transition at 2.406 μm, is emitted in the phase matching direction, collinear with the pump and Stokes beams. An anti-Stokes 'conventional' vibrational CARS beam, also generated in the test cell collinear with the pump and Stokes beams, accounts for shot to shot laser intensity fluctuations and is used for calibration, as discussed below. Behind the cell, the collinear beams are recollimated and the visible beams are spectrally separated from the IR signal beam, using dichroic mirrors and a 1/3 m spectrometer, as shown in figure 1 . The anti-Stokes beam is also separated from the residual pump and Stokes beams, using an additional dichroic mirror (see figure 1) , same as the mirrors placed behind the SRS cell. The resultant IR signal intensity is measured using a thermoelectrically cooled HgCdTe detector. The pump, anti-Stokes, and IR signal intensities, as well as the discharge current pulse waveforms are monitored and saved on a LeCroy WaveRunner 104 MXi-A digital oscilloscope with 1 GHz bandwidth. Current and voltage waveforms are taken separately to determine the energy coupled to the discharge. The electric field is determined by monitoring the intensities of the pump, anti-Stokes, and IR signal beams, as discussed below.
Experimental
The key difference between the present setup and the one used in our previous work [26] is adding a half-wave plate at the pump laser output, as well as an optical grade calcite Glan-Thompson polarizer placed in front of the IR detector, as shown in figure 1 . This allows control of the orientation of the linear polarization of the pump and Stokes beams, and measurement of the electric field vector components, by separately recording the parallel and perpendicular components of the intensity of the IR beam generated in the test cell by the field component parallel to the pump/Stokes beam polarization. The polarization of this IR beam is identical to that of the applied electric field [22] , and individual field components can be measured by rotating the Glan-Thompson polarizer and selecting the field component either parallel or perpendicular to the dielectric plate. Note that the intensities of the IR signal when the polarization plane of pump/Stokes beams and the electric field vector are parallel and orthogonal are close, as discussed in section 3.4. The half-wave plate was calibrated, such that the polarization plane of the pump and Stokes beams was known accurately. In all present experiments, the collinear pump and Stokes beams were polarized parallel to the field vector component being measured. Finally, using the Glan-Thompson polarizer placed in front of the IR detector and rotated to pass only the IR signal polarized in the plane of the pump/Stokes beams, individual components of the electric field vector were measured.
The intensity of the IR signal generated by the externally applied electric field depends on the field amplitude in a manner similar to CARS. Energy level diagrams for CARS and electric field four-wave mixing are shown in figure 2 . The IR signal beam is generated due to the interaction between the pump and Stokes beams with the 'zero frequency' applied electric field, which behaves as the probe beam in a conventional CARS experiment. Basically, the applied field induces a dipole moment in the normally non-polar molecules, proportional to the field, which allows the molecules to produce (2) where E is the electric field to be measured and χ i are third order susceptibilities for four-wave mixing and CARS processes. Taking the ratio of IR and CARS signal intensities and noting that the 532 nm pump beam also serves as the probe beam in equation (2) gives
where A is a constant determined by calibration using a subbreakdown electrostatic field. Thus, by monitoring the intensities of the pump, CARS (anti-Stokes), and IR beams, the electric field can be determined. In the present work, two different test cells are used for electric field calibration and for measurements of the electric field in the surface ionization wave discharge. The calibration cell is a rectangular cross section quartz channel (10 mm height, 22 mm width, and 220 mm length, ε = 4.5 r ), with wall thickness of 1.75 mm. Two copper plate electrodes, 14 mm width × 65 mm length, are attached to the top and bottom walls outside of the quartz channel, and the laser beams are directed along the centerline of the channel. A sub-breakdown electric field (voltage pulse ~100 ns duration and ~7 kV amplitude for horizontal calibration and ~4 kV amplitude for vertical calibration) is applied between the electrodes. This approach provides an effective way of absolute calibration over a wide range of electric fields at sub-breakdown conditions, instead of using multiple pre-set dc field values.
The discharge cell was a six arm cross glass cell with optical access windows for the incident laser beams (BK-7 glass), and for IR signal and transmitted laser beams (CaF 2 ), mounted on a translation stage. A rectangular alumina ceramic plate 25 mm width × 60 mm length, 0.6 mm thick was placed inside the cell, on top of a grounded copper plate 16 mm width × 20 mm length, as shown in figure 3 . Two adhesive copper foil electrodes 2 cm wide and approximately 100 μm thick were placed on top of the alumina plate 1 cm apart, as shown in figure 3 . The copper plate, used as a waveguide for the surface ionization wave discharge, was covered by Kapton tape, to reduce the risk of the discharge arcing around the alumina plate to the waveguide, instead of propagating along the alumina surface between the electrodes. A repetitively pulsed, near-surface electric discharge between the electrodes was sustained using a high voltage ns pulse generator producing a train of positive polarity pulses with peak voltage of 6 kV and pulse duration of ~100 ns. The discharge was operated in hydrogen at a pressure of 200 Torr and a pulse repetition rate of 10 Hz. At these conditions, voltage and current waveforms, measured by a Tektronix P6015A high voltage probe and a Pearson 2877 current monitor, were stable and reproducible shot to shot. Broadband plasma emission images were taken by a PI-MAX ICCD camera with a UV lens (UV-Nikkor 105 mm f /4.5, Nikon), with 1 ns gate.
To measure the electric field in the discharge, the laser beams were directed parallel to the alumina plate and to the electrode edges, as shown in figure 3 . The 2 cm electrode width was used because it was approximately the same as the signal collection length for the collinear geometry of the fourwave mixing technique. To detect ionization wave propagation between the electrodes, the measurements were done at three different locations along the dielectric plate, (i) ~100 μm from the high voltage electrode, (ii) halfway between the electrodes, and (iii) ~100 μm from the grounded electrode (see figure 3 ). The distance from the electrode edge to the laser beams at locations (i) and (iii) was chosen to ensure its reproducibility, as well as reproducibility of the data. The laser beam location was determined by monitoring when the beams clipped the edge of the copper electrode and then moving the discharge cell on a translation stage by the required distance. At each of these locations, data were taken at three different heights of the laser beams above the dielectric plate, ~100, 600, and 1100 μm, as shown in figure 3 , nine measurement locations in total. The lowest measurement height, before the Stokes beam begins clipping on the surface, is estimated to be ~100 μm from the surface of the plate to the centerline of the collinear laser beams. The focused pump laser beam diameter, which determines the spatial resolution of the present technique in the direction transverse to the laser beams, was measured to be approximately 150 μm, by monitoring the beam intensity on a photodiode while a razor edge was traversed across the beam. The length of the measurement volume was determined to be 2 cm, by traversing a thin microscope slide along the focused laser beams and measuring the intensity of the non-resonant background signal. For measurements at each location, the cell was raised on the translation stage until the laser beams began clipping on the alumina plate, and then lowered until this stopped. From that point, the plate was lowered further until the desired laser beam height above the plate was obtained. Both the horizontal and the vertical field vector components were measured one after the other at each of the nine measurement locations.
CARS and four-wave mixing data were collected by varying randomly the delay time between the current pulse onset and the laser pulse, using a Stanford Research Systems DG645 delay generator, using it as a 'master clock'. Due to significant jitter between the trigger and the output of the high voltage pulse generator (10-20 ns), signals from all individual laser shots, including pump and CARS beam intensities and IR detector signal, as well as current waveforms, are saved by the oscilloscope and analyzed using a post-processing routine. The reference point in time was determined by finding the maximum of the derivative of the current waveform for each laser shot, which is accompanied by a well-reproducible 'kink' in the voltage pulse waveform due to the wave being launched. This was verified comparing pulse voltage and current traces with ICCD plasma emission images. The data were taken both during ionization wave propagation between the electrodes and during the quasi-dc phase of the discharge, after the wave reaches the grounded electrode. During post-processing, background produced by EMI noise was subtracted from the raw data, and signals from individual laser shots were sorted relative to the reference time determined from the respective voltage and current waveforms, placed into 1 ns 'bins' and averaged, to generate a temporally ordered dataset. IR detector background subtraction is done by first collecting, 'binning', and averaging HgCdTe detector signal oscillograms for 128 laser shots for each time delay of the laser pulse, with the detector covered, such that the only source of detector signal is EMI noise. The detector is then uncovered, and detector oscillograms for 512 laser shots for each time delay are collected, 'binned', and averaged in the same way as the background measurements. Finally, background is subtracted from the signal taken at the same time delay. Figure 4 plots pulse voltage, current, and coupled energy waveforms measured in a surface ionization wave discharge in hydrogen over an alumina ceramic plate, at = P 200 Torr. Figure 5 shows a collage of broadband plasma emission images (top view of the alumina plate) taken by a PI-MAX ICCD camera with a UV lens (UV-Nikkor 105 mm f /4.5, Nikon), with a 1 ns gate. Time stamps in the images are shown on the same time scale as in figure 4. From figure 5, it can be seen that the surface ionization wave discharge is initiated at the high voltage electrode on the left, after a reproducible 'kink' in the voltage pulse waveform and a significant current jump (see figure 4) . Plasma emission and ionization wave front propagation left to right is apparent from the top row of images in figure 5 (t 2 = to 15 ns). Approximately 10 ns after the wave begins propagating from the high voltage electrode (i.e. at = t 15 ns), it reaches the grounded electrode on the right, which results in another significant current rise (see figure 4) . Plasma emission images also suggest presence of a return wave propagating back to the high-voltage electrode at = t 15-20 ns. The current continues to rise after the voltage peaks at approximately 6 kV at = t 20 ns (i.e. when the return wave attains the high-voltage electrode), eventually peaking at 13.5 A at = t 40 ns. After the return wave reaches the high-voltage electrode, a nearly uniform 'quasi-dc' discharge is sustained between the electrodes for the remainder of the voltage pulse (approximately 80 ns), as can be seen from the bottom three images in figure 5 ( = t 25, 35, 45, and 55 ns). The plasma emission gradually decays as the voltage is reduced back to zero.
Results and discussion

Plasma emission images
Raman cell characterization
From equation (1), it can be seen that the IR signal intensity varies proportional to the product of the pump and Stokes beam intensities. Thus, an essential part of the experiment is to characterize and optimize the performance of the SRS cell. This is done by varying the incident pump beam energy and measuring the output energies of the residual pump, Stokes, and anti-Stokes beams for hydrogen pressures in the SRS cell ranging from 2 to 11 bar. Based on the results of our previous measurements [26] , a pressure of 5 bar was chosen for the present operating conditions, with incident pump beam energy of 50 mJ since it maximized the product of the pump and Stokes beam intensities while keeping the beam energy sufficiently low to limit damage to optics after the SRS cell. For these operating conditions, the first Stokes conversion efficiency was about 25%.
Glan-Thompson polarizer calibration
Determining the electric field vector requires passing the fourwave mixing IR signal beam through a Glan-Thompson polarizer and measuring its intensity. Thus, the polarizer needs to be calibrated to determine when vertically or horizontally polarized light is transmitted. The results of calibration are shown in figure 6 . Initially, the response of the polarizer was verified using a 532 nm laser beam, which was transmitted through a thin-film polarizer to ensure that the linear polarization plane was known. The Glan-Thompson polarizer was then rotated by a full 360°, and the transmitted laser beam energy was measured to produce a sin 2 curve, as expected (see figure 6 ). Then the 532 nm beam polarization was rotated by 90° using a half wave plate and the measurement were repeated, resulting in a sin 2 curve with a 90° phase shift from the first data set (see figure 6 ). Finally, dc voltage was applied to two parallel plane electrodes in the calibration cell, in the direction parallel to the pump/Stokes laser beam polarization plane, and the IR detector response was measured as a function of the polarizer angle, matching the measurements of the linearly polarized 532 nm beam transmission, as shown in figure 6 . 
CARS susceptibility
In the present work, two electric field vector components are measured, one perpendicular to the alumina dielectric plate (vertical, ⊥ E ), and the other parallel to the dielectric plate (horizontal, ∥ E ). For IR signal generation, the pump and Stokes beams must be linearly polarized parallel to each other. The angle between the polarization of the field-dependent IR beam and the orientation of the electric field is zero, if the electric field orientation is either parallel or perpendicular to the polarization of the pump and Stokes beams (0°, 90°, 180°…). For other angles between the electric field and the polarization of the pump and Stokes beams, the angle between IR beam polarization and electric field direction varies slightly, up to 4° [22] . Similar to equation (1) can be split up as follows 3 . This result has been verified experimentally, as shown in figure 7 , which compares IR signal intensities generated in hydrogen at a pressure of 275 Torr, when subbreakdown dc electric field, 1.5 kV cm −1 , was parallel and perpendicular to the pump and Stokes beams polarization. The results of these measurements were averaged over 512 laser shots. It can be seen that the time-integrated IR intensities for these two cases are very close, within a few per cent. The small difference between the peaks is due to weak polarization dependence of dichroic mirrors and filters used in the optical system to reflect and filter the CARS beam emitted from the SRS cell while transmitting the collinear pump and Stokes beams. Thus, the ratio of the IR signal intensities in equations (4) and (5) is controlled primarily by the magnitudes of the electric field components.
Electric field four wave mixing calibration
Prior to taking measurements in the discharge, absolute calibration needs to be done in order to determine the electric field. This is accomplished by focusing the collinear pump and Stokes beams into the electrostatic calibration cell and measuring the IR signal response. To make the calibration and discharge measurements as similar as possible, the same optical access windows were used both for calibration and for the discharge measurements. Since some of the optical components used in the experimental setup are coated to transmit s-polarized light more efficiently than p-polarized light, two different calibration lines needed to be generated to measure horizontal and vertical field components. This was done by physically rotating the calibration cell by 90°. A thin film polarizer followed by a half-wave plate was placed at the output of the pump laser, as shown in figure 1 , to ensure that the collinear pump and Stokes beams entering the calibration cell were polarized parallel to the electric field. First, the calibration was done for the vertical electrostatic field produced between two horizontal plane electrodes, with the pump and Stokes laser beams polarized in the vertical direction. Then the cell, with the electrodes attached, was rotated by 90° and the calibration was done for the horizontal field produced between two vertical plane electrodes, with the pump and Stokes beams now polarized in the horizontal direction. During calibration, the Glan-Thompson polarizer was placed in front of the HgCdTe detector, both to ensure that only the IR signal with desired polarization is being collected and to take into account signal loss in the polarizer.
For each of the laser shots analyzed, the signal intensity is determined by integrating the detector output waveforms over time, using the pump beam arrival as a reference point. Waveforms corresponding to individual laser shots are collected, 'binned', and averaged, based on laser beam arrival time during the sub-breakdown voltage pulse. Additionally, the waveforms for the pump and CARS beams are collected, 'binned', averaged, and integrated in the same fashion as the IR signal waveforms. The applied field values are also collected for each laser shot processed in the same way. Finally, small dc offset in the IR detector waveforms was taken into account by taking average background and subtracting it from the averaged IR signal waveforms. To improve accuracy, the bins used for averaging were separated by 10 ns intervals. Both the vertical and horizontal calibration lines were obtained by applying sub-breakdown voltage pulses to the electrode and measuring the IR signal beam intensities. By matching the signal intensity for each laser shot to the known electric field at the moment of time when the laser beams arrive to the cell, a linear calibration line was created relating the measured signal response to the field. Calibration lines for the vertical and horizontal fields are shown in figures 8 and 9, respectively, where each of the data points shown represents an average of ~100 laser shots. As can be seen in figures 8 and 9, the linear calibration line is obtained, in accordance with equation (3) , and the measured signal is close to zero when no electric field is applied, in agreement with equation (1) . Figures 8 and 9 also plot together the field measured using the-four wave mixing technique and voltage-to-gap ratio measured by a Tektronix P6015A high voltage probe, illustrating the voltage pulse shape used for calibration. Figure 10 shows the results of electric field measurements for the vertical (left) and horizontal (right) components of the field vector ~100 μm away from the high voltage electrode, at three different heights above the surface, ~100, 600, and 1100 μm. The vertical field component measured 100 μm above the surface exhibits a gradual rise as the applied voltage increases, followed by a precipitous drop corresponding to breakdown and ionization wave passing the measurement location, and subsequently by a nearly constant vertical field in the plasma behind the wave front. In contrast, vertical field components measured 600 and 1100 μm above the surface do not show a well-defined ionization wave front, such that the vertical field at these two locations appears to follow the applied voltage pulse. However, horizontal field component measurements at all three heights clearly indicate the presence of the wave, resolving accurately the wave front as it passes the measurement locations and showing a rise and steep fall in the horizontal field, occurring at the same time. Approximately 10 ns after the wave front passes this location, a secondary rise in the horizontal field is observed, which appears to occur after the wave reaches the grounded electrode at approximately = t 15 ns (consistent with figures 4 and 5). We conclude that in this phase, the horizontal field, which at this location is nearly independent of the height above the surface, drives the electron conduction current through the near-surface plasma behind the ionization wave front. Figure 11 plots the electric field measurement results for the vertical (left) and horizontal (right) field components halfway between the electrodes. Once again, the vertical field component measured 100 μm above the surface gives a clear indication of the wave passing this location, approximately five nanoseconds after the wave originated near the high voltage electrode (see figure 11) . Additionally, the ionization wave front can also be detected from vertical field measurements 600 and 1100 μm above the surface, indicated by a transient decay after the wave passes, after which the vertical field becomes fairly constant in time. The horizontal field component measurements clearly indicate the wave front at all three heights above the surface, after which the horizontal field drives the current during the quasi-dc phase of the discharge, similar to the measurements near the high voltage electrode. Note that both peak values of horizontal field in the wave front and in the quasi-steady-state discharge are noticeably reduced as the height above the surface increases. Figure 12 shows the vertical (left) and horizontal (right) field components measured ~100 μm away from the grounded electrode. At this measurement location, ionization wave front can be identified clearly at all three heights above the plate, both in vertical and horizontal field components. The vertical field component behind the wave, at all three heights above the plate, is quite low. The significant transient horizontal field reduction after the wave front passes is no longer observed since the quasi-dc phase of the discharge is established very quickly after the forward wave approaches the grounded electrode. Also, by this time the applied voltage controlling the horizontal field behind the wave becomes so high that the horizontal field in the quasi-dc discharge behind the wave is also significant.
Electric field measurements
From figures 10-12, it can be seen that all electric field measurements, including the ones taken prior to the high voltage pulse rise, show an offset of approximately 1 kV cm
. This offset is likely caused by a non-zero voltage output of the high-voltage pulse generator, which can be seen in figure 4 . The pulse generator is designed to generate alternating polarity pulses, including negative polarity 'prepulses' preceding positive polarity 'main' pulses by 6 μs [26] . However, to prevent breakdown before the main pulses, in the present work the negative polarity pulses were blocked using high-voltage diodes connected in series with the discharge electrodes. This resulted in a non-zero positive polarity voltage offset, up to 1 kV (see figure 4) . The other possible reason for the electric field offset is charge accumulation on the dielectric surface between the pulses. From the data shown in figures 10-12, it appears that the wave front, defined as the electric field maximum, is launched from the high voltage electrode slightly (≈2 ns) before plasma emission is detected, and reaches the grounded electrode approximately 5 ns before the emission from the 'return' wave, originating from the grounded electrode, is detected (see figure 5 ). This observation is consistent with previous measurements of parameters in a volumetric fast ionization wave generated by a ns pulse discharge [7] , which suggested that the electric field wave front precedes both electron density rise and plasma emission rise by several nanoseconds.
Summarizing the results shown in figures 10-12, it can be concluded that a surface ionization wave forms near the high voltage electrode (within a few hundred μm), close to the dielectric surface (~100 μm). The wave front is characterized by a significant overshoot of both vertical and horizontal electric field vector components. Behind the wave front, the vertical field component is reduced to a low value, comparable to the initial field offset before the pulse. In contrast, the horizontal field value behind the wave front remains quite significant, to drive the electron current in the quasi-dc discharge toward the positive polarity high voltage electrode. As the wave propagates along the dielectric surface, it also extends further away from the dielectric surface, up to ~1 mm near the grounded electrode.
To illustrate surface ionization wave dynamics during the discharge pulse, figure 13 plots the vertical field component at three axial measurement locations, ~100 μm above the surface, together with the high voltage pulse waveform. The 'kink' in the voltage waveform, corresponding to breakdown near the high voltage electrode, is readily apparent. In figure 13 , the vertical field component is chosen because its rapid drop behind the wave front allows a more accurate estimate of the wave speed. From the data in figure 13 , the wave front (defined as peak vertical electric field) passes the first measurement location at = t 0 ns, the middle of the discharge gap at = t 4 ns, and approaches the grounded electrode at = t 10 ns (all three moments are identified in the figure), indicating the average wave speed of = V 1 mm ns −1 . kV. An estimate of the cathode voltage fall can also be made by calculating the potential difference across the ionization wave front, by integrating the measured horizontal field component near the grounded electrode versus time as the wave front passes this location, and multiplying the result by the estimated wave front speed,
x front front const front (6) Integrating the horizontal field from the moment when the field due to the wave front reaches the measurement location ( = t 11 ns) to the moment when the wave reaches the grounded electrode and the quasi-dc discharge phase is established ( = t 21 ns), indicated by stars in figure 14 , the estimated potential difference across the wave front is ϕ ∆ ≈3 [30] , which gives ϕ ∆~2.5 cathode kV at the present conditions. Since the discharge pulse duration is very short, ~100 ns, and the pulse repetition rate is low, 10 Hz, these high cathode voltage fall and current density conditions do not result in significant heating of the cathode and glow-to-arc transition. Figure 15 plots the reduced electric field, E/N, where the field is calculated as
, evaluated at three different locations across the discharge gap, ~100 μm above the surface, plotted together with single shot pulse voltage and current traces. From this plot, it is clear that the ionization wave front passes the measurement locations at different moments of time, after which E/N values during the quasi-dc discharge stage remain approximately the same at each location, following the applied voltage trace. The wave speed inferred from the peaks of E/N traces is close to the value obtained from figure 13 plotting the vertical electric field traces, V = 1 mm ns
. This result is also consistent with plasma emission images in figure 5 , illustrating ionization wave propagation. Figure 15 illustrates again that the wave appears to originate near the high voltage electrode after a 'kink' in the voltage waveform and an abrupt current rise occur. The ionization wave front (defined as the electric field maximum) reaches the grounded electrode slightly before the applied voltage reaches maximum, suggesting that voltage peaks when the return wave reaches the high voltage-electrode, approximately at = t 20 ns (see figure 5) . Note that the return wave, identified from plasma emission images in figure 5 , does not exhibit a detectable electric field maximum.
Once the return wave reaches the high-voltage electrode, the high-conductivity plasma layer formed behind the wave front (see figure 5 ) provides a direct current path between the electrodes. Because of this, the voltage begins to decrease even though the current across the electrode gap exhibits another well-pronounced rise, starting at ≈ t 20 ns. Note that disconnecting the high-voltage pulse generator from the electrodes resulted in much higher pulse peak voltage at the same pulser settings, 10 kV. This illustrates that establishing a quasi-dc discharge between the electrodes at the present conditions limits peak pulse voltage considerably.
The peak reduced electric field in the wave front measured in the present experiment,
Td, is consistent with the dc breakdown field estimated from the Paschen curve for hydrogen [27] 
Td. This is expected since at the present conditions the pulse voltage rise time is relatively slow,
, such that breakdown occurs essentially at near-constant voltage conditions [28] . This comparison provides additional confidence in the absolute value of the present measurements. It may be possible that the peak electric field in the wave front closer to the dielectric surface is somewhat higher. As is apparent from figures 10-12, significant reduction of the peak electric field is detected at larger distances above the surface. Since taking four-wave mixing measurements at distances less than ~100 μm from the surface requires much tighter focusing of the laser beams, further insight into electric field distributions at distances of ~1-10 μm from the surface may be provided by kinetic modeling calculations.
The results of the present experiments provide the most complete data set on electric field distribution in a surface ionization wave discharge so far. The most significant advances of the present work, compared to other experimental techniques, are high spatial and time resolution, as well as measuring individual components of the electric field vector in a highly transient plasma. The present results can be used for extensive validation of kinetic models and assessing their predictive capability. Uncertainties in kinetic model formulation, such as boundary conditions used on the dielectric surface and in the 'far-field' considerably limit confidence in their predictions. Although modeling predictions of electric field distributions in surface discharges are in qualitative agreement with the present results, they also exhibit quantitative differences. Specifically, both vertical and horizontal electric field components predicted in these discharges are significantly lower compared to the present data [29] [30] [31] [32] . Good agreement between future kinetic modeling predictions and the present results would be a significant advance toward quantitative prediction of electric field distributions in ns pulse surface discharges, especially at distances not readily accessible to currently available experimental techniques. Predictive capability of kinetic models of ns pulse surface discharges is critical for quantitative insight into kinetics of energy transfer over a wide range of time scales, rapid heating, and radical species generation.
Summary
This work presents the results of absolute, time-resolved electric field vector measurements in a surface ionization wave discharge in hydrogen sustained between two copper electrodes on an alumina ceramic dielectric surface, using a picosecond fourwave mixing technique. The present measurements include characterization of a high-pressure stimulated Raman shifting (SRS) cell used to generate the Stokes laser beam using an incident pump laser beam. The intensity of the coherent infrared signal beam generated by four-wave mixing is shown to have a quadratic relationship with the applied electric field, which has been used for absolute calibration of the present method. Two separate calibration lines were obtained using sub-breakdown electric field, both for the vertical and horizontal components of the field vector. Electric field vector components were measured using pump and Stokes beams linearly polarized in the horizontal and vertical planes, generating infrared signal linearly polarized in the same plane, and by a Glan-Thompson polarizer placed in front of the infrared detector.
Time-resolved electric field components were measured at three different locations across the electrode gap in the near-surface ns pulse discharge in hydrogen, at three different heights above the alumina ceramic dielectric surface, ~100, 600, and 1100 μm (total of nine different locations). The results show that after breakdown, the discharge develops as an ionization wave propagating along the dielectric surface at a speed of = V 1 mm ns
. The surface ionization wave forms near the high voltage electrode (at an axial distance of ~100 μm), close to the dielectric surface (~100 μm). The wave front is characterized by a significant overshoot of both vertical and horizontal electric field vector components. Behind the wave front, the vertical field component is rapidly reduced. The horizontal field component behind the wave front remains quite significant, to drive the electron current in the quasi-dc discharge toward the high voltage electrode. As the wave propagates along the dielectric surface, it also extends further away from the dielectric surface, up to ~1 mm near the grounded electrode. After the wave reaches the grounded electrode, the horizontal field component experiences a secondary rise in the quasi-dc discharge, where it sustains the current along the near-surface plasma sheet.
The measurement results indicate presence of a cathode layer formed near the grounded electrode with a significant cathode voltage fall, ϕ ∆ ≈3 cathode kV, which exceeds the value in steady state glow discharges by over an order of magnitude, due to very high current number density in the discharge. The peak reduced electric field in the surface ionization wave is ( ) = E N / 8 5 peak -95 Td, consistent with the dc breakdown field estimated from the Paschen curve for hydrogen. The present set of data on electric field distribution in a surface ionization wave discharge can be used for extensive validation of kinetic models and assessing their predictive capability. 
